The phase diagram of underdoped cuprates in a magnetic field (H) is the key ingredient in understanding the anomalous normal state of these high-temperature superconductors. However, the upper critical field (H c2 ) or the extent of superconducting phase with vortices, a type of topological excitations, and the role of charge orders that are present at high H, remain under debate. We address these questions by studying stripe-ordered La-214, i.e. cuprates in which charge orders are most pronounced and zero-field transition tem- window to explore the vortex phases compared to previous studies.
Introduction
Cuprates are type-II superconductors (1-4): above the lower critical field H c1 , an external perpendicular magnetic field penetrates the material in the form of a solid lattice of vortices or quantized magnetic flux lines. Since this vortex lattice is set in motion by the application of a current, the pinning of vortices by disorder ensures the zero-resistivity property of a superconductor below T c (H). The disorder also turns the vortex lattice into a Bragg glass (2, 3), i.e. a state that "looks" nearly as ordered as a perfect solid, but with many metastable states and the dynamics of a glass. This phase melts into a vortex liquid (VL) when the temperature is high enough, or into an amorphous vortex glass (VG) for strong enough disorder. The latter transition, in particular, can occur at low T as a function of H, which increases the density of vortices and the relative importance of disorder (2, 3) . In two-dimensional (2D) systems, the VG freezes at T g = 0, and thus the VG has zero resistivity only at T c = 0; signatures of a glassy, viscous VL, however, can be observed at low enough T , i.e. above T g . In general, the VL persists up to the crossover line H c2 (T ), i.e. up to the upper critical field H c2 ≡ H c2 (T = 0) where the superconducting (SC) gap closes. Hence, the disorder suppresses the quantum melting field of the vortex lattice to be lower than H c2 . Since the presence of disorder plays a crucial role in the vortex physics and leads to glassy dynamics, a method of choice for probing the energy landscape of such systems is the response to a small external force.
In particular, the key signatures of a Bragg glass and a glassy VL are nonlinear voltagecurrent (V -I) characteristics at low excitation currents: for T < T c (H), a vortex lattice or a Bragg glass has zero resistivity in the I → 0 limit and a finite critical current; in contrast, the I → 0 (i.e. linear) resistivity of a glassy VL is non-zero at all T > 0, but its V -I remains non-Ohmic. At high enough T , the effects of disorder are no longer important and the V -I of a (non-glassy) VL becomes Ohmic. Although the vortex matter in cuprates has been studied extensively (1-4), the regime of high H and low T , in which disorder and quantum effects are expected to dominate, has remained largely unexplored; in particular, there have been no V -I measurements. However, it is precisely this regime that is relevant for the determination of H c2 .
In cuprates, which have a quasi-2D nature, the value of H c2 continues to be of great interest, because the strength of pairing correlations is an essential ingredient in understanding what controls the value of T 0 c , the nature of the pairing mechanism, and the pseudogap regime (5) . However, the interpretation of experimental data has been controversial and contradictory [ (6-9) and refs. therein]. At least a part of the controversy lies in a disagreement on whether the VL regime vanishes (6) or persists (7) at T = 0, although it has been shown that the VL may survive up to surprisingly high fields (7, 10) at T T 0 c . For example, in highly underdoped La 2−x Sr x CuO 4 (LSCO), in which charge order is at best very weak (11) , the vortex phase diagram was proposed based on the evidence (10) for quantum criticality of the linear resistivity associated with T = 0 transitions from the vortex lattice to VG, and then from the VG to insulator, i.e. a 2D 3 superconductor-insulator transition (SIT) (12) , at higher H. Charge orders, however, are ubiquitous in all hole-doped cuprates, in a range of dopings centered near x = 1/8, and their interplay with superconductivity at high H is one of the key open questions (13, 14) .
To explore the possible effects of charge order on the phases of vortex matter and the nature of the normal state, we study the in-plane resistivity (ρ ab ) of other underdoped cuprates from the La-214 family because, at H = 0, they exhibit short-range charge orders with strongest correlations. Furthermore, they do not have the complication present in YBa 2 Cu 3 O 6+x (YBCO), in which an additional, longer-range charge order emerges at high H (13, 14) . We also employ nonlinear (V -I) transport as a direct probe of vortex matter. The measurements extend over an unusually large, more than three-orders-ofmagnitude-wide range of T down to T /T 0 c
(Methods).
We focus on La 1.8−x Eu 0.2 Sr x CuO 4 (LESCO) and La 1.6−x Nd 0.4 Sr x CuO 4 (LNSCO), in which charge order coexists with the antiferromagnetic spin-density-wave order (15) at low enough T < T SO < T CO ; here T SO and T CO are the onsets of static, short-range spin and charge orders or "stripes", respectively, and T 0 c (x) is suppressed for doping near Supplementary Fig. 1 ). As shown below, the low values of T 0 c in this regime allow us to reveal and probe deep into the normal state by applying H up to 35 T. Fields perpendicular to CuO 2 planes, i.e. along the c axis, enhance both spin (16, 17) and charge orders (18, 19) . These effects are observed only below T YBCO and in Hg-and La-based cuprates (21) . Thus, the stripe order in LESCO and LNSCO is expected to persist even after T c (H) is suppressed to zero.
We find that the vortex phase diagrams of La-214 underdoped cuprates are qualitatively the same regardless of the presence or strength of the charge orders: as T → 0, the vortex lattice is separated from the high-field ground state by a wide range of fields where quantum phase fluctuations and disorder (i.e. a viscous VL) dominate. On general grounds, the same conclusions should apply also to other cuprates below optimum doping. By establishing the T -H phase diagram over an unprecedented range of parameters and demonstrating that measurements, such as nonlinear transport, are needed down to T T 0 c to determine H c2 , our work also resolves the lasting controversy in the cuprate research. Furthermore, we reveal novel properties of the high-field normal (non-SC) state in the presence of stripes: the insulatinglike, ln(1/T ) dependence of the in-plane resistivity, the origin of which has been a long-standing puzzle, is suppressed by H, suggesting a metallic high-field ground state. This is in contrast to the early work (22) in the absence of static stripes, where H does not seem to affect the ln(1/T ) behavior, and the high-field ground state is an insulator.
Results
In-plane resistivity of La curves start to separate from each other: lower-H ρ ab (T ) curves exhibit a metalliclike drop associated with superconductivity, while higher-H curves show a tendency towards insulating behavior. This is also remarkably reminiscent of the behavior of 2D films of many materials at a T = 0 SIT (24, 25) , where the critical resistance is close to R Q .
Such a transition is generally attributed to quantum fluctuations of the SC phase and, hence, loss of phase coherence; Cooper pairs that form the SC condensate thus survive the transition to the insulator. Although underdoped cuprates are highly anisotropic, layered materials, and thus behave effectively as 2D systems (10, 26, 27) , these similarities between bulk systems, LESCO and LNSCO, and 2D films are striking: it took only specially engineered, double-layer transistors to observe (28) the critical resistance of R Q for the H = 0, electric-field-driven SIT in LSCO. These similarities thus suggest the impor-6 tance of phase fluctuations in LESCO and LNSCO at low T . Figure 1B shows that the increase of H clearly leads to the suppression of T c (H) and, just like in highly underdoped LSCO (10), to a peak in ρ ab (T ) that shifts to lower T = T peak (H). In LSCO, T peak (H) was attributed (10) to the onset of the viscous VL regime. The values of T c (H) (see also Supplementary Fig. 3 ), H peak (T ), and T peak (H) are shown in Fig. 2 over a wide range of T and H for both materials. This finding is similar to that (10) in highly underdoped LSCO (x = 0.06, 0.07). Here we employ also nonlinear transport measurements to probe the vortex matter directly.
Nonlinear transport and superconducting correlations. The second technique, therefore, involves measurements of V -I characteristics at fixed H and T (Methods), in addition to the linear resistance R ab discussed above. When T < T c , dV /dI is zero as expected in a superconductor (Fig. 3A) , since small values of I dc are not able to cause the depinning of the vortex lattice. However, at higher H, where T c is suppressed to zero, a zero-resistance state is not observed even at I dc = 0 (Fig. 3A) , down to the lowest T (Fig. 3B ), but the V -I characteristic remains non-Ohmic and dV /dI increases with I dc .
This type of behavior is indeed expected from the motion of vortices in the presence of 7 disorder, i.e. it is a signature of a glassy, viscous VL (2-4). At higher H and T , the non-Ohmic response vanishes (Fig. 3) .
A comprehensive study of nonlinear transport (see, e.g., Supplementary Fig. 5 Fig. 7 ), as expected in the high-T normal state. As in other studies on cuprates (10, 27, (32) (33) (34) (35) , the result can be fitted with T is attributed to the presence of T peak (H), which moves to lower T with increasing H.
The onset of metallic behavior is anticipated at ∼ 70 T (Fig. 4B inset) . The results thus strongly suggest that the high-field ground state of striped cuprates is a metal.
We note that the possibility that SC fluctuations persist in the H > H * regime (e.g.
beyond H * ∼ 20 T as T → 0 in La 1.7 Eu 0.2 Sr 0.1 CuO 4 ) cannot be completely ruled out based on these measurements, as H c (T ) may acquire a "tail" at low T such that the fitted H 0 < H c (T = 0) (10). However, magnetotransport studies that employ also parallel magnetic fields do confirm the absence of any observable remnants of superconductivity for H > H * (T → 0); those results will be presented elsewhere. In any case, it would be interesting to perform additional studies of this peculiar high-field normal state that is characterized by the ln(1/T ) temperature dependence and the negative MR, as well as to extend the measurements to H > 55 T to probe the properties of the anticipated high-field metal phase.
Vortex phase diagram. Figure 2 shows that, in H = 0, phase fluctuations become Therefore, consistent with general expectations (1-4, 47, 56), H * (T → 0) = H c2 in Fig. 2 corresponds to the upper critical field of the clean system, i.e. in the absence of disorder.
Our results (Fig. 2) indicate that, in analogy to 2D SC films near the H-tuned SIT (24, 25, 47) , the MR peak in LESCO and LNSCO allows access to both bosonic (positive MR) and fermionic (negative MR) regimes. While H peak (T ) tracks H * (T ) and T peak (H) at low temperatures, there is a clear bifurcation at higher T . This results in the H * (T ) < H < H peak (T ) bosonic regime in which, in contrast to the viscous VL, the transport is Ohmic. Therefore, we identify this regime as the (Ohmic) vortex liquid. This is consistent with the finding, based on other types of probes, that a line similar to T peak (H)
separates the VL from the viscous VL in the high-temperature (T < T behavior of H peak (T ) observed at low T , however, is a new and unexpected finding. It suggests that, for certain H, the system can pass from a regime dominated by SC phase fluctuations (i.e. a VL) to a normal, albeit very unusual, state, and then again to a phasefluctuations-dominated regime (i.e. a viscous VL) as T is lowered. The understanding of this intriguing behavior, however, is beyond the scope of this study.
Discussion
Our key results are summarized in the T -H phase diagrams (Fig. 2 ) of striped LESCO and LNSCO, which have been mapped out over more than three orders of magnitude of T and deep into the H-induced normal state using two different, complementary techniques that are sensitive to global phase coherence. In particular, by relying only on transport techniques, we have been able to obtain a self-consistent set of data points and achieve quantitative agreement of our results, allowing us to compare different energy scales.
Furthermore, by using cuprates with a very low T 0 c , we have been able to access a much larger energy scale window to explore the vortex phases compared to previous studies.
Indeed, Supplementary Fig. 8 shows that our measurements extend to effectively much lower T and higher H compared to previous studies of H c2 on these and other underdoped
cuprates. This has allowed us to probe the previously inaccessible regimes, including deep into the normal state. We have revealed that the unusual, insulatinglike behavior [ρ ab ∝ ln(1/T )] of the normal state is suppressed by even higher H, leading to a metallic high-field ground state in striped cuprates.
Our findings have important implications for other cuprates, especially YBCO, which is considered the cleanest cuprate, but just like any other real material, it does contain some disorder (9, 57) . Even if the disorder is weak, its effects will be amplified at low T with increasing H, leading to the quantum melting of the vortex lattice into a VL below H c2 . Therefore, probes sensitive to vortex matter, employed over a wide range of T and H, and studying the response of the system to a small external force, are needed to determine H c2 . Indeed, for transport measurements, for example, Fig. 3 demonstrates that, due to the intrinsically nonlinear nature of the V -I characteristics of the vortex matter, using high excitations I dc would yield much higher measured values of ρ ab and even change the sign of its temperature dependence (Fig. 3B) . As a result, the observation of T peak (H) and the identification of the viscous VL regime, would not be possible. In YBCO, low-T magnetization measurements have reported (7) The LSCO study (10) was performed using a different method, as described above, and on samples grown by two different techniques. Therefore, the qualitative agreement between the vortex phase diagrams obtained on three different materials confirms that our findings are robust, and that the presence of different phases of vortex matter in underdoped La-214 cuprates is not very sensitive to the details of the competing charge orders.
Our data also highlight the key role of disorder in understanding the T → 0 behavior of underdoped cuprates, and demonstrate that the SC phase with vortices persists up to much higher fields H c2 than those argued previously. Even in conventional superconductors, the interplay of vortex matter physics, disorder, and quantum fluctuations leads to the enhancement of H c2 as T → 0, a long-standing puzzle in the field (64 indicates high sample homogeneity: first, it agrees with the value (∼ 4 K) obtained (67) from magnetic susceptibility, a bulk probe, and second, it is lower than the values of Fig. 9A ), while its high-T resistivity ( Supplementary Fig. 9B ) is about five times, that is, significantly lower than in some other studies (38) of the same material.
Similarly, the high-T resistivity of our La curves below ∼ 0.06 K for all fields. We note that this does not make any qualitative difference to the phase diagram (Fig. 2) . The fields, applied perpendicular to the CuO 2 planes, were swept at constant temperatures. The sweep rates were low enough to avoid eddy current heating of the samples.
The resistance per square per CuO 2 layer R /layer = ρ ab /l, where l = 6.6Å is the thickness of each layer.
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We acknowledge helpful discussions with L. Benfatto, V. Dobrosavljević, and N. Trivedi. The authors declare that they have no competing interests. Data and materials availability: All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors. 2 ], and the error bars indicate the uncertainty in H c that corresponds to 1 SD in the slopes of the linear fits in Supplementary Fig. 7 . In (B), SC fluctuations vanish between 33 K and 48 K for H = 0, and the dashed line is a guide to the eye. Zero-field values of T SO and T CO are also shown; both spin and charge stripes are known to be enhanced by H (see main text). Except for T c (H), lines do not represent phase boundaries, but finite-temperature crossovers. A, Differential resistance dV /dI as a function of dc current I dc for several H ≤ 18 T at T = 0.067 K. In the bottom trace, for which T < T c (H = 4.8 T)≈ 0.08 K, dV /dI is zero as expected in a superconductor. B, dV /dI vs. I dc for several T at H = 9 T. The linear resistance (dV /dI for I dc → 0) has a metalliclike temperature dependence but, at higher I dc > 20 µA, the temperature dependence of dV /dI is insulatinglike. Dashed lines guide the eye. 12 CuO 4 , respectively). The noise floor was 0.5 mΩ in resistance, corresponding to ρ ab of 6.5 × 10 −3 mΩcm for LESCO and 1.5 × 10 −2 mΩcm for LNSCO, as indicated by horizontal dashed lines. As shown, measurements were also performed in several different cryostats: a 3 He system, a dilution refrigerator, and a variable-temperature insert (VTI). The agreement between data obtained during different runs illustrates the remarkable stability of the crystals with time, further attesting to their high quality. Representative traces of differential resistance dV /dI vs. I dc for several T and H, as shown. Changes of dV /dI vs. I dc from non-Ohmic to Ohmic with increasing H are shown at A, the lowest temperatures; B, 0.175 K, one decade higher than base T ; and C, 1.7 K, two decades higher than base T . In A and B, the data were taken with I ac ≈ 1 µA, except for 20 ≤ H(T) ≤ 35 in A, where I ac ≈ 10 µA. In C, the data were taken with I ac ≈ 10 µA, with I dc up to ≈ 5 mA, where Joule heating was still absent. H * (T ), determined as the magnetic fields where dV /dI vs. I dc becomes Ohmic, are labeled in A, B, and C. The uncertainties in H * (T ), given in Fig. 2 , reflect experimental resolutions in determining H * (T ). Short-dashed lines guide the eye. 
The intercept of the short-dashed line shows the relative difference between the fitted normal state resistance and the measured resistance at zero field. The difference between the short-dashed lines and the measured magnetoresistance is due to the superconducting contribution. Arrows indicate H c , the field below which superconducting fluctuations become observable; it is determined as the field at which the deviation from the H 2 fit exceeds the noise level. This method cannot be used at lower T because the magnetoresistance develops a peak. . Our study (red star symbols for LESCO and LNSCO in the oval at lower right) clearly extends to effectively much lower T and higher H compared to earlier work on these materials at the same p (star symbols) and other hole-doped cuprates. The linear ρ ab (T ) observed at high temperatures is higher in LNSCO single crystal sample than in LESCO, and it extrapolates to a higher residual (T = 0) resistivity. Therefore, both the residual resistivity and the normal-state resistivity, i.e. ρ ab at temperatures above the onset of superconducting fluctuations, may be used as a measure of disorder. The angle between H and the crystalline c axis (sketch) was θ = 15
• ; H ⊥ = H cos θ. The capacitance C was measured using an Andeen-Hagerling 2500A capacitance bridge, with a single crystal glued to a 1-mil-thick BeCu capacitive cantilever. The same sample, different from the one used for transport measurements, was measured in Fig. S9 . The capacitance change, dC = C(H) − C(H = 0), is proportional to the magnetic torque; dC/H is proportional to the anisotropic magnetization [S8] . Arrows point at the onsets of bifurcation, i.e. H irr (T ), determined as the fields where the hysteresis in dC exceeds the noise level ∼ 2 × 10 −5 pF. The linear change of dC/H with µ 0 H ⊥ above H irr (T ) reflects the paramagnetic Van Vleck contribution [S9] . The noise below 2 T comes from superconducting magnets and does not affect the determination of H irr (T ). B, dC/H vs. µ 0 H ⊥ near H irr (T ) for 0.083 K (left, bottom axes) and 0.166 K (right, top axes). Solid arrows point at H irr (T ). Horizontal bars represent the errors in H irr (T ), reflecting the uncertainty in estimating the onsets of bifurcation. C, ρ ab (H) at T = 0.095 K and 0.160 K close to those in B. T c (H) are indicated by the arrows and associated values. D, H irr (T ) added to the in-plane transport T − H phase diagram with H c axis. The agreement between H irr and T c (H) obtained on two different samples confirms the high quality of our crystals. 43
